Cabozantinib (XL184) is a small molecule tyrosine kinase receptor inhibitor, which targets c-Met and VEGFR2. Cabozantinib has been approved by the Food and Drug Administration to treat advanced medullary thyroid cancer and renal cell carcinoma. In the present study, we evaluated the ability of cabozantinib to modulate the function of the ATP-binding cassette subfamily G member 2 (ABCG2) by sensitizing cells that are resistant to ABCG2 substrate antineoplastic drugs. We used a drug-selected resistant cell line H460/MX20 and three ABCG2 stable transfected cell lines ABCG2-482-R2, ABCG2-482-G2, and ABCG2-482-T7, which overexpress ABCG2. Cabozantinib, at non-toxic concentrations (3 or 5 M), sensitized the ABCG2-overexpressing cells to mitoxantrone, SN-38, and topotecan. Our results indicate that cabozantinib reverses ABCG2-mediated multidrug resistance by antagonizing the drug efflux function of the ABCG2 transporter instead of downregulating its expression. The molecular docking analysis indicates that cabozantinib binds to the drug-binding site of the ABCG2 transporter. Overall, our findings demonstrate that cabozantinib inhibits the ABCG2 transporter function and consequently enhances the effect of the antineoplastic agents that are substrates of ABCG2. Cabozantinib may be a useful agent in anticancer treatment regimens for patients who are resistant to ABCG2 substrate drugs.
Introduction
Multidrug resistance (MDR) is one of the major mechanisms responsible for chemotherapeutic failure. MDR is a phenomenon of cancer cells developing resistance to several mechanistically and structurally unrelated antineoplastic drugs [1, 2] . Overexpression of ATP binding cassette (ABC) transporters is regarded as one of the major mechanisms of MDR; this leads to increased drug efflux which significantly reduces the intracellular concentration of antineoplastic agents [2, 3] . Currently, 48 human ABC transporters have been identified and characterized. ABCB1, or Pglycoprotein (P-gp), was the first to be identified, encoded by the Abbreviations: MDR, multidrug resistant; ABC transporter, ATP binding cassette transporter; ABCG2, ATP binding cassette subfamily G member 2.
MDR1 gene [3] . ABCG2 is the second member of subfamily G of the ABC transporters, and is also known as breast cancer resistance protein (BCRP) [4, 5] . Unlike ABCB1, which consists of two transmembrane domains (TMDs) and two nucleotide-binding domains (NBDs), ABCG2 is a half-transporter, which has only one NBD and one TMD [6] . Overexpression of the ABCG2 protein is responsible for high levels of resistance to a variety of antineoplatic drugs, including mitoxantrone (MX), anthrapyrazole, topotecan, irinotecan and SN-38 [5, [7] [8] [9] [10] [11] .
It has been demonstrated that overexpression of ABCG2 is responsible for MDR, due to its ability to pump out the substrate anticancer drugs and thus decreasing intracellular concentration of drugs [4, 12, 13] . Reversing MDR by administering ABCG2 protein inhibitors concurrently with ABCG2 substrate antineoplastic drugs is regarded as a potential pharmacological approach to effective cancer treatment [14] [15] [16] . A limited number of ABCG2 inhibitors demonstrate the ability to sensitize drug resistant cells to substrate antineoplastic drugs. Some excellent ABCB1 inhibitors have been found to function as inhibitors of ABCG2 [17] [18] [19] . For example, the potent P-gp inhibitor GF120918 is effective in reversing ABCG2 transporter induced MDR, with an IC 50 value of 50 nM [20] . Potent dual ABCB1/ABCG2 inhibitors also include tyrosine kinase inhibitors such as imatinib, bafetinib, and nilotinib [17, 21, 22] .
Cabozantinib (XL184) is a tyrosine kinase inhibitor targeting c-Met as well as vascular endothelial growth factor receptor 2 (VEGFR2), which are both dysregulated in various types of cancer [23, 24] . On April 25, 2016, cabozantinib was approved by the FDA for the treatment of advanced renal cell carcinoma. Additionally, it has been approved to treat advanced medullary thyroid cancer, and is also being investigated in clinical trials to treat other solid tumors, including renal, prostate, ovarian, and breast cancer [24] [25] [26] [27] [28] . The structure of cabozantinib is shown in Fig. 1 . In a preclinical study, a lower concentration of cabozantinib was used to inhibit the phosphorylation of HGFR and VEGFR2 in different cancer cell lines [24] . Several phase II studies are being carried out to employ cabozantinib in the treatment of advanced carcinoid and pancreatic neuroendocrine tumors, non-small cell lung cancer, breast cancer, and hepatocellular carcinoma [25, 27, [29] [30] [31] . Patients were given 60 mg of cabozantinib orally per day for the treatment of renal cell carcinoma and non-small-cell lung cancer, and 140 mg per day for the treatment of metastatic medullary thyroid carcinoma [32] . In the present study, we investigate the effect of cabozantinib as a therapeutic compound to increase the chemosensitivity of conventional anticancer drugs through its interaction with the ABCG2 transporter.
Materials and methods

Chemicals
[ 3 H]-MX (4Ci/mmol) was purchased from Moravek Biochemicals, Inc. (Brea, CA). Tween20, NaCl, Tris-HCI, sodium dodecyl sulphate (SDS), Triton X-100, dimethyl sulfoxide (DMSO), 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT), penicillin/streptomycin, topotecan, SN-38, and MX were purchased from Sigma-Aldrich (St. Louis, MO). Cabozantinib was generously provided by ChemiTex (Brussels Belgique). Fumitremorgin C (FTC) was kindly synthesized by Thomas McCloud, Developmental Therapeutics Program, Natural Products Extraction Laboratory, NCI, NIH (Bethesda, MD). The ABCG2 monoclonal antibody BXP-21 (GTX23380) was purchased from GeneTex (Irvine, CA). The antiactin monoclonal antibody (sc-8432) was purchased from Santa Cruz Biotechnology, Inc. (Santa Cruz, CA). Dulbecco modified Eagle medium (DMEM), fetal bovine serum (FBS), phosphate buffer saline (PBS), and trypsin 0.25% EDTA were purchased from Hyclone (Waltham, MA). Ammonium molybdate, MES hydrate, antimony potassium tartrate, sodium azide and N-methyl-d-glucamine were purchased from Sigma-Aldrich (St. Louis, MO). Potassium phosphate, EGTA and ATP were products of AMRESCO (Solon, OH). Sulfuric acid solution (37N) was purchased from Fisher Scientific (Pittsburgh, PA). KCl was product of Avantor Performance Materials (Center Valley, PA). Ouabain was purchased from Enzo Life Sciences, Inc. (Farmingdale, NY). Dithiothreitol was a product of Promega Corporation (Madison, WI). MgCl 2 was purchased from EMD Millipore (Billerica, MA). Ascorbic acid was a product of VWR International (West Chester, PA). Sodium orthovanadate was purchased from Alfa Aesar (Ward Hill, MA).
Cell lines and cell culture
The human non-small cell lung carcinoma cell line (NSCLC) H460 was maintained in DMEM based media and its MX resistant cell line, H460/MX20, was maintained in DMEM based media in the presence of 20 nM MX [33] . Wild-type ABCG2-482-R2, mutant ABCG2-482-G2, and mutant ABCG2-482-T7 cells were established as previously described [34] . The HEK293/ABCB1 cell line was generated by transfecting HEK293 cells with vectors that express ABCB1 [19] . Cells were cultured at 37 • C in a humidified incubator containing 5% CO2. When cells were 60% to 80% confluent, they were harvested and used for in vitro studies.
Cytotoxicity assays
In vitro, the cell sensitivity to each antineoplastic drug was determined by a modified MTT assay [12, 35] . Briefly, each well of 96 well plates contained approximately 3000 H460 cells or H460/MX20 cells. Cells were collected, re-suspended in media, and seeded evenly in 96-well plates and incubated for 24 h at 37 • C. Then, 20 L of a predetermined, fixed concentration of cabozantinib was added into each well. After 1 h of incubation, 20 L of the respective antineoplastic drugs were added into each well, serially diluted. After 72 h of incubation, 20 L of 4 mg/mL MTT solution was added to each well. The plates were incubated at 37 • C for 4 h in the presence of the MTT solution. Finally, the MTT-medium was removed and 100 L DMSO was added to each well to terminate the staining. Absorbance values of the samples were measured at 570 nm using Opsys microplate reader (Dynex Technologies, Chantilly, VA).
Mitoxantrone intracellular accumulation study
H460 and H460/MX20 cells were equally seeded on coverslips in 6-well plates, incubated at 37 • C overnight. Cells were washed with phosphate-buffered saline (PBS), and incubated with or without 5 M cabozantinib for 1 h before incubating with 5 M MX for 2 h. After the cells were washed with ice-cold PBS, the images were collected using a Nikon TE-2000S fluorescence microscope with an APO 60X oil immersion lens (Nikon). MX fluorescence was excited and collected using the Nikon TRITC HYQ excitation filter combination [36, 37] .
[ 3 H]-MX accumulation and efflux assay
The effect of cabozantinib on the intracellular accumulation and efflux of [ 3 H]-MX was determined in ABCG2-overexpressing cells as previous described [38] . Briefly, the H460 cells and H460/MX20 cells were harvested at 80% confluency. 
Western blot analysis
H460, H460/MX20 cell lines were incubated with 5 M cabozantinib for 0, 24, 48, and 72 h. The cells were harvested and washed 3 times with PBS. The cell extracts were lysed using a lysis buffer (pH 7.4, containing 1% Triton X-100 and 0.2% SDS) for 20 min on ice and the cells were centrifuged at 16000 × g for 15 min at 4 • C. The cell lysates were run on an SDS-PAGE gel and electrophoretically transferred onto polyvinylidene fluoride (PVDF) membranes. We used a blocking solution containing 5% non-fat milk in TBST buffer [10 mM Tris-base, 10 mM NaCl and 0.1% Tween-20] to incubate the membrane at room temperature for 2 h. Subsequently, the membranes were incubated overnight with a primary monoclonal antibody against ABCG2 (1:400 dilution) or ␤-actin (1:400 dilution) at 4 • C and were further incubated with a horseradish peroxide (HRP)-conjugated secondary anti-mouse antibody (1:1000 dilution). The reaction was visualized by means of enhanced chemiluminescence detection reagents (Amersham, NJ, USA) following the manufacturer's protocol [41] .
Immunofluorescence assays
H460, H460/MX20 cells were seeded in 24-well plates and incubated with or without 10 M cabozantinib for 72 h at 37 • C. Subsequently, PE-conjugated anti-Hu CD338 (ABCG2) (1:200) were used to incubate the cells overnight. Nuclei were counterstained by 2-(4-Amidinophenyl)-6-indolecarbamidine dihydrochloride (DAPI). Images were taken by a Nikon TE2000S microscope [42] .
ABCG2 ATPase assay
The vanadate-sensitive ATPase activity of ABCG2 was measured by PREDEASY ATPase Kits with modified protocols. The ABCG2-membranes were thawed and diluted. The membranes (20 g protein/reaction) were incubated in ATPase assay buffer at 37 • C for 5 min with or without 400 M vanadate. The membrane vesicles were incubated with different concentrations of cabozantinib, ranging from 0 to 40 M, at 37 • C for 5 min, followed by an addition of 10 L of 25 mM Mg-ATP solution. The reaction continued to run for another 20 min at 37 • C, and then was terminated by an addition of 100 L 5% SDS solution to the reaction mix. The amount of inorganic phosphate (Pi) released was detected and quantified by adding of 200 L of detection reagent. The reaction mix was then further incubated for 10 min at room temperature. The absorption was detected at 880 nm using a spectrophotometer [39] .
Molecular docking analysis with cabozantinib
Cabozantinib structure was built and prepared using our previous molecular modeling protocols [35] . ABCG2 docking grid was generated by selecting significant residues (Asn 387 , Gln 398 , Thr 402 , Arg 482 , Asn 629 , Thr 642 and Tyr 645 ) at the centroid of the transmembrane domain as centroid [6, 43] . Glide XP docking protocol (Schrödinger, LLC, New York, NY) was followed to dock all prepared 100 cabozantinib conformations into ABCG2. Multiple docking poses were ranked by Glide Emodel value [44] and the top-scoring cabozantinib conformation was used for graphical analysis. All computations were carried out on a 6-core Intel Xeon processor with a Mac OS.
Statistical analysis
All experiments were repeated at least three times and the difference was evaluated by one-way ANOVA. P < 0.05 was considered statistically significant. Statistical analysis was performed using GraphPad Prism version 6.01 for Mac (GraphPad Software, La Jolla, CA).
Results
The influence of cabozantinib in reversing ABCG2-mediated MDR
In vitro cytotoxicity of cabozantinib alone was first determined using the survival rate of H460 cells and H460/MX20 drug-induced and transfected cells via the MTT assay. As shown in Fig. 1A and B, cabozantinib did not show significant cytotoxicity at 8 M in H460 and H460/MX20 cells, as well as in HEK293/pcDNA3.1 and in ABCG2-482-R2, ABCG2-482-G2, and ABCG2-482-T7 cell lines. Based on these results, we used 5 M as the highest concentration to treat the cells. We studied the effect of cabozantinib at concentrations of 2.5 and 5 M on the H460 and H460/MX20 cells with the antineoplastic drugs MX, topotecan, and SN38 (Fig. 1B) . As shown in Table 1 , at concentrations of 2.5 and 5 M, cabozantinib can significantly sensitize the ABCG2-overexpressing H460/MX20 cells to the antineoplastic drug MX, topotecan, and SN-38. However, cabozantinib at 5 M did not change the IC 50 of these substrate drugs in the parental cell line, H460 (Table 1) . Similarly, pre-incubation with 2.5 and 5 M of cabozantinib can also increase the response of antineoplastic drug MX, topotecan, and SN-38 in ABCG2 transfected cell lines ABCG2-482-R2, ABCG2-482-G2, and ABCG2-482-T7 ( Table 2 ). The response of the ABCG2 transfected cell lines to the ABCG2 substrate drugs (MX, topotecan, SN-38) was lower than that of the parental HEK293 cells. The reversal efficacy of cabozantinib on Table 1 Cabozantinib reverses ABCG2-mediated drug resistance in drug selected resistant cells. ABCG2 expressing cell lines H460/MX20, ABCG2-482-R2, ABCG2-482-G2, ABCG2-482-T7 was comparable to the well-known ABCG2 inhibitor FTC (5 M). Cisplatin served as a negative control antineoplastic drug, as it is not a substrate of ABCG2 (Tables 1 and 2 ). As shown in Table 1 , cabozantinib, at 5 M, cannot significantly alter the sensitivity of ABCG2-overexpressing cell lines to cisplatin. Moreover, cabozantinib did not significantly alter the sensitivity of HEK293/ABCB1 cells to anticancer drugs (Table 2 ). Based on the aforementioned results, cabozantinib can effectively sensitize ABCG2 substrate resistant cancer cells in a mechanism specific to ABCG2 inhibition (Table 3) . 
Treatment
The influence of cabozantinib in increasing accumulation of [3H]-MX in ABCG2-overexpressing cell
In order to reveal the mechanism of cabozantinib in reversing ABCG2-mediated MDR, we measured the effect of cabozantinib in increasing intracellular concentrations of [3H]-MX in the parental H460 cells, as well as ABCG2 overexpressing H460/MX20 cells. We also examined the effect of cabozantinib on the intracellular accumulation of [3H]-MX of transfected ABCG2-482-R2, ABCG2-482-G2, and ABCG2-482-T7 cells. As shown in Fig. 2A and C, intracellular accumulation of [3H]-MX was significantly higher in the H460 control group, compared to that of the ABCG2 overexpressing cell lines H460/MX20 ( Fig. 2A) , ABCG2-482-R2, ABCG2-482-G2, and ABCG2-482-T7 (Fig. 2C) . However, cabozantinib (at 5 M and 10 M) significantly reversed the accumulation of [3H]-MX to a level that is comparable to that of the H460 or HEK293 parental cells. The efficacy of cabozantinib on increasing intracellular accumulation of [3H]-MX in resistant cell line is comparable to that of FTC. These results suggest that cabozantinib can potentiate the cytotoxicity of MX by increasing its intracellular accumulation in the otherwise resistant cells. Table 2 The reversal efficacy of cabozantinib in ABCG2-mediated drug resistance in ABCG2-transfected cell lines. 
The effect of cabozantinib on the efflux of [3H]-MX in the ABCG2-overexpressing cells
We used efflux assays to determine whether cabozantinib can significantly decrease the efflux function in the parental cell lines H460 and HEK293, as well as ABCG2-overexpressing cell lines H460/MX20, ABCG2-482-R2, ABCG2-482-G2, and ABCG2-482-T7. As shown in Fig. 2B and D, the efflux of [3H]-MX from ABCG2 overexpressing cell lines H460/MX20 (Fig. 2B) , ABCG2-482-R2, ABCG2-482-G2, and ABCG2-482-T7 (Fig. 2D) was significantly higher than that of H460 and HEK293 cell lines. The incubation of cabozantinib (10 M) with ABCG2 overexpressing cell line can significantly increase the intracellular concentration of [3H]-MX over increasing periods of time (0, 30, 60, 120 min). Furthermore, results show cabozantinib can potentiate the cytotoxicity of ABCG2-overexpressing cell line by decreasing the efflux function of ABCG2 protein.
The influence of cabozantinib in increasing intracellular accumulation of MX fluorescence in ABCG2-overexpressing cell line
In order to elucidate the mechanism by which cabozantinib increases the response of ABCG2-overexpressing cells to the respective substrate drugs, we also examined the intracellular accumulation of MX fluorescence. As Shown in Fig. 3 , incubation of H460 cells with or without 5 M of cabozantinib did not alter intracellular accumulation of MX. However, in the H460/MX20 cell line, 5 M cabozantinib could significantly increase the fluorescence of MX inside the cells.
The effect of cabozantinib on the expression of the ABCG2 protein
In order to further understand the mechanism by which cabozantinib sensitizes these ABCG2 overexpressing cells to the anticancer drugs, Western blotting assays were performed to examine the effect of cabozantinib on the expression level of the ABCG2 protein. Fig. 4 demonstrates that incubating H460/MX20 at various time points for up to 72 h did not alter the expression of the ABCG2 protein. Thus it is unlikely that cabozantinib's reversal effect is due to a downregulation of the ABCG2 protein expression.
The effect of cabozantinib on the subcellular localization of ABCG2 transporter
In order to determine whether cabozantinib can alter the subcellular localization of the ABCG2 transporter, we performed an immunofluorescence assay, comparing the parental and ABCG2 overexpressing cells. We incubated H460/MX20 cells with 5 M cabozantinib for 0 h and 72 h. As shown in Fig. 5 , the subcellular distribution of ABCG2 incubated with cabozantinib for 72 h did not change compared to the cells incubated in the absence of cabozantinib. Therefore, our results indicate that cabozantinib does not alter the cellular localization of the ABCG2 transporter. 
The effect of cabozantinib on the ABCG2 ATP hydrolysis
The ABCG2 transporter utilizes energy derived from the hydrolysis of ATP to efflux its substrates across the membrane against a concentration gradient; thus ATP consumption reflects its ATPase activity [42] . To assess the effect of cabozantinib on the ATPase activity of ABCG2, we measured ABCG2-mediated ATP hydrolysis in the presence of cabaozantinib at various concentrations from 0 to 40 M. Similar to other TKIs, cabozantinib stimulated the ATPase activity of ABCG2 in a concentration-dependent manner, with a maximal stimulation of 2.70-fold of the basal activity ( Fig. 6A and  B) . The concentration of cabozantinib required to obtain 50% stimulation is 0.734 M. The results indicate that cabozantinib interacts at the drug-substrate-binding site and affects the ATPase activity of the ABCG2 transporter.
Molecular docking analysis of cabozantinib with human ABCG2 homology model
Since previous results indicated that cabozantinib may have direct interaction with ABCG2 at transmembrane domain as a potential substrate, we performed a molecular docking simulation of cabozantinib on the ABCG2 homology model. Cabozantinib exhibited a Glide XP score of −8.517. As shown in Fig. 7 
Discussion
Our study is the first to demonstrate that cabozantinib can significantly sensitize cell lines with ABCG2-induced drug resistance to the substrate anticancer drugs MX, topotecan, and SN-38. In clinical trials, patients received cabozantinib orally from 60 mg to 140 mg to treat medullary thyroid carcinoma [32] . The pharmacokinetics study in which patients are given 175 mg cabozantinib daily with samples collected on day 19 showed that the C max in the blood is 2310 ng/mL, and SD value is around 884 ng/mL (approximately 2.8-6.4 M) [45] . In our study, the highest concentration of cabozantinib used as a reversal agent was 5 M, which is within the range of clinical concentration of cabozantinib. Even though there is a study demonstrating that VEGFR is expressed in H460 cells, the dose of cabozantinib we used was not enough to inhibit the proliferation of the cells (Fig. 2 ). Cabozantinib's sensitizing effect on MDR cells may benefit drug resistant patients with a potential novel combinational chemotherapy. Our study clearly revealed that cabozantinib functioned as a reversing agent that specifically targets the ABCG2 protein. The maximum reversal concentration of cabozantinib is 5 M, which is close to the blood concentration of cabozantinib in patients after repeated treatments. In the present study, cabozantinib (at 2.5 and 5 M) significantly reduced the IC 50 value of MX, SN-38, and topotecan. In order to exclude other factors that cause MDR, we also used transfected cell lines HEK293/pcDNA3.1, ABCG2-482-R2, ABCG2-482-T7, and ABCG2-482-G2 to conduct our study. Our MTT results showed that 5 M of cabozantinib can significantly increase the cytotoxic effects of ABCG2 substrates in transfected cells. These results indicated that cabozantinib's reversal activity was not only limited to wild-type ABCG2 overexpressing cell lines, but also in mutant ABCG2 overexpressing cell lines.
We also examined the possibility of cabozantintib's activity in reversing ABCB1-mediated MDR by conducting MTT assays. Although this result, contradicts to that of Xiang's previous study [46] , the discrepancy between our study and the previous study conducted by Xiang and colleagues may be due to utilization of different cell lines, since they used HepG2/adr and HepG2 cells in their study.
Accumulation study results showed that cabozantinib significantly increased the intracellular accumulation of The reversal mechanisms mediated by ABC transporter modulators could be due to downregulation of the protein expression of the ABC transporter, or by inhibiting the efflux function. In order to further investigate the mechanism of cabozantinib in reversing MDR, we performed additional experiments and found that cabozantinib significantly inhibits the efflux function of ABCG2. Moreover, Western blotting results demonstrated that cabozantinib treatment does not significantly alter the ABCG2 protein expression. Immunofluorescence also indicated that cabozantinib did not significantly affect the translocation of ABCG2 protein compared to the control group. Furthermore, cabozantinib stimulated the ATPase activity of ABCG2 in a concentration-dependent manner, with a maximal stimulation of 2.70-fold of the basal activity. Taken together, our study suggests that cabozantinib significantly sensitizes ABCG2-overexpressing cells to substrate antineoplastic drugs by inhibiting the efflux function of the transporter. The molecular docking simulations predicted that cabozantinib was stabilized into the transmembrane domain of ABCG2 via hydrophobic interactions. These results suggest that cabozantinib might inhibit ABCG2 competitively as an ABCG2 substrate.
In conclusion, our study demonstrates that cabozantinib significantly increases the cytotoxicity of antineoplastic drugs including MX, topotecan, and SN38 in cells that overexpress ABCG2 transporter by blocking the transporter's efflux function. This study suggests that the combined use of cabozantinib with a conventional antineoplastic agent is a promising strategy to overcome ABCG2-mediated MDR in various types of cancer. 
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